The amino acid sequence determination of Phascolopsis gouldii hemerythrin in the region of the proposed iron ligand at position 58 was the main objective of this research endeavor. Generation of a large peptide was pursued by trypsin digestion of citraconylated hemerythrin producing peptide 50-113 for sequenator analysis. Detection of the phenylthiohydantoin amino acid derivatives by gas-liquid and high-performance-liquid chromatography yielded unambiguous sequence elucidation through the region of interest identifying residue 58 as glutamic acid. Further specific digestion of peptide 50-113 by cyanogen bromide yielded peptides 50-62 and 63-113 which were chromatographically resolved using Sephadex G-50 superfine. The identity of peptide 50-62 was verified by amino acid analysis. Sequenator analysis of this peptide substantiated the assignment of residue 58 as glutamic acid. Attempts to sequence peptide 54-74, derived from trypsin digestion of peptide 50-113, were frustrated in the ion exchange purification step. The peptide's high percentage of hydrophobic residues as well as its isoelectric form in the polar pyridine-acetate pH 5.0 buffer resulted in peptide insolubility. Identification of residue 58 as glutamic acid in Phascolopsis gouldii hemerythrin is significant in the.support it lends to the proposed model of the iron active site of Themiste dyscritum hemerythrin.
containing two iron atoms per monomer (1) .
IDENTIFICATION OF IRON LIGANDS
c The x-ray crystal structure of r_. gouldii hemerythrin at 5.5 A resolution indicates that the two irons in each monomer are in close proximity and are coordinated by amino acid side chains from four, approximately parallel helices which comprise 70% of the protein structure (2) . (5) identified the iron ligands as His-25, His-54, Glu-58, His-74, His-77, His-101, Asp-106, and Tyr-109. These data were corroborated by the x-ray diffraction studies (6) and amino acid sequence (7) of myohemerythrin from l· zostericolum, another Pacific Coast sipunculid (formerly misidentified as T. pYroides). The amino acid sequence off_. gouldii hemerythrin (8) showed that seven of the amino acid ligand identities coincided. However, in the eighth ligand assignment, the sequences of T. dyscritum hemerythrin and T. zostericolum myohemerythrin indicated a glutamic acid at position 58 while residue 58 off_. gouldii hemerythrin was identified as glutamine.
The apparent lack of conservation of an iron ligand seemed unlikely and prompted the present investigation.
This study was undertaken to more accurately determine the identity of the amino acid at position 58 in f_. gouldii hemerythrin. If glutamic acid proved to be the correct amino acid at residue 58, this would lend support to the trigonal antiprism model in which glutamic acid acts as one of the bridging ligands. However, should glutamine be verified as the amino acid at position 58, it would be the first example of glutamine as a metal ligand. It is known that amides have a low basicity and are, therefore, poor metal ligands (32) . An active iron center containing an inferior ligand most probably would be disgarded by natural selection.
The ~-carboxyl group of glutamic acid, however, is deprotonated above pH 4.2. Thus, there is a sound chemical basis for predicting glutamic acid as the correct iron ligand.
AMINO ACID SEQUENCE DETERMINATION
Facile elucidation of an amino acid sequence is attributable to the innovative automated protein sequenator of Edman and Begg (9) .
Utilization of the sequenator allows derivatization, cleavage and isolation of amino acids sequentially from a peptide's NH 2 -terminus. The method emphasizes generation of a few large peptides from the parent protein instead of the many small peptides previously required for the manua) Edman degradation procedure. The requirement of few large peptides necessitates availability of highly specific cleavage agents or suitable blocking groups to hone an agent's specificity.
Trypsin is an endopeptidase specific for cleavage at the COOHterminus of lysine and arginine. The enzyme's mode of action is illustrated in the following reaGtion:
Trypsin is often contaminated with chymotrypsin, an enzyme that cleaves at the COOH-terminus of aromatic residues. Thus, trypsin preparations generally contain an inhibitor of chymotrypsin such as L-(tosyl-2-phenyl) chloroethyl methyl ketone (TPCK) to ensure an enzyme preparation of reliable specificity.
For trypsin digestion it is beneficial to block cysteine residues since the presence of an acidic residue adjacent to arginine or lysine reduce~ the effective cleavage (10) . Furthermore, blocking cysteine residues prevents oxidation of sulfhydryl groups to intra-or inter- 
CHEMICAL MODIFICATION OF HEMERYTHRIN
Apohemerythrin was reacted with 4-vinyl _pyridine to covalently block cysteine and thus, stabilize the residue to oxidation (11) .
The hemerythrin modification procedure involved reduction of protein subunits which contain 3.7 µmoles cysteine with 0.12 mmole dithiothreitol, followed by reaction with 0.36 mmole 4-vinyl pyridine. Pyridylethylated hemerythrin and peptiaes were used in all subsequent reactions. The reaction was monitored by the presence of an absorbance maximum at 260 nm due to pyridylethly cysteine (16) .
Pyridylethylated hemerythrin was further modified to prevent trypsin digestion at lysyl residues by reaction with citraconic anhydride. Approximately 3.7 µmole of hemerythrin subunits containing 41 µmole lysine (17) were covalently blocked with 1.9 rrmole citraconic anhydride was vacuum distilled at 75oc and 2.5 mm Hg. Alkaline conditions were maintained throughout the reaction and dialysis, as the citraconyl-lysyl bond is acid labile.
SPECIFIC CLEAVAGE OF HEMERYTHRIN 10
Citraconylated pyridylethylated hemerythrin was digested specifically at the COOH-terminus of arginyl residues by TPCK-trypsin (5) . The reaction mixture contained 3 mg trypsin per 100 mg hemerythrin. The reaction temperature was maintained at 37oc by a Lauda circulator.
Following the digestion, the solution was acidified to pH 1.5 with 88% formic acid to hydrolyze the citraconyl-lysyl bonds. The protein solution was shelled in dry'ice-acetone and lyophilized using a Virtis, Model 10-020. The lyophilized protein was dissolved by wetting with glacial acetic acid, followed by dilution with distilled water to approximately 10% acetic acid. The tryptic peptides were separated on Sephadex G-50 superfine in 9% formic acid by gel permeation chromategraphy.
One of the tryptic peptides (peptide 50-113) was treated with cyanogen bromide to obtain specific cleavage at the COOH-terminus of the methionyl residue (13) . Approximately 1.0 meq cyanogen bromide was reacted with 1.8 µeq methionyl residue in the peptide in 70% formic acid for 24 hours. Following the reaction, the material was lyophilized and peptides were separated by gel permeation on Sephadex G-50 superfine in 9% formic acid. The sample on which amino acid composition was determined was subjected to reduction with 30% mercaptoethanol prior to CNBr cleavage (-14}. The reduced protein solution was dialyzed against increasing concentrations of formic acid (10%, 20%, 70%) to remove excess mercaptoethanol and 5 M guanidine hydrochloride. The sample on which sequenator analysis was performed was not subjected to reduction prior to CNBr cleavage. 11 Peptide 50-113 was also subjected to a second TPCK-trypsin digest and CNBr peptide 50-62 using an automated Edman degradation procedure and a Beckman Sequencer, Model 890 as described previously (9), but modified to improve yields from peptides (22) . Sequenator products 13 were identified by gas chromatography, thin layer chromatography, and spot tests, as described previously (22) and by high-performance liquid chromatography (Bio-Analytical Systems, Inc.) as described by Zimmerman, et al. (23) .
RESULTS
The amino acid at position 58 in f_. gouldii hemerythrin was identified as glutamic acid using specific peptide cleavage techniques in conjunction with amino acid analysis and automated Edman sequence determination. Tryptic hydrolysis of citraconylated pyridylethylated hemerythrin yielded three peptides (Fig. 2 ) as observed previously (12) . These peptides were identified as 50-113, 16-48 and 1-15 in order of decreasing molecular weight (12) . Since the amino acid composition and manual sequence information have already been reported for peptide 50-113 (12), this peptide was subjected only to sequenator analysis. The data for peptide 50-113 are summarized in Table I . Further digestions of peptide 50-113 and the resulting peptides are shown in Figure 3 . Cyanogen bromide cleavage yielded peptide 50-62 which was identified by amino acid analysis (Table II) and utilized for sequence determination (Table I) . Trypsin digestion of pyridylethylated 50-113 produced peptide 54-74 which was characterized by amino acid analysis (Table II) , but was not available in sufficient quantity or purity for sequenator analysis.
PEPTIDE 50-113
Peptide 50-113 was isolated by Sephadex chromatography of the tryptic hydrolysate of citraconylated pyridylethylated hemerythrin. The elution pattern (Fig. 2 ) appears identical to that reported previously (12) and fractions from the earliest elution peak 0.45 VT (peptide 50-113)
were pooled, lyophilized and used for sequenator analysis. The peptide 22.5 (21) 23. 0 (21) 12.3 (13) aTrypsin and CNBr digests were hydrolyzed in 6 N HC1 at 110 C in vacuo for 24 hr and resolved by ion exchange chromatography on Bio-Rad AG 50W-X2 resin according to the method of Spackman, et al. (21) .
bGel permeation chromatography was done using Sephadex G-50 and G-25 superfine with 9% formic acid as solvent.
clon exchange chromatography on resin cited in a, with e1uent pyridine-acetate buffer (19) .
dCysteine was detected as pyridylethyl cysteine.
eNot determined.
f Methionine was detected as homoserine lactone in analysis of peptide 50-62.
-region beginning with cysteine at position 50 was sequenced cleanly through methionine 62 (Table I) Sequenator analysis (Table I) showed that peptide 50-62 was the major component and verified the expected sequence of 12 amino acids beginning with cysteine and ending with the penultimate amino acid, leucine.
Glutamic acid was again clearly identified as residue 58 followed by glutamine at 59 ( Fig. 5 and 6 ). The only contaminating peptide apparent in the sequencing was peptide 49-62, arising from incomplete trypsin cleavage between arginine 49 and cysteine 50. This caused a greater amount of carry-over in each sequence cycle than is normally observed.
A sample of CNBr peptide 50-62 was subjected to amino acid analysis (Table II) The eultion profile of the CNBr hydrolysate ( Fig. 4 ) contained a minimum of three earlier eluting peaks other than the one assigned to peptide 50-62. The majority of this material is probably the other cleavage product, peptide 63-113, in various states of aggregation.
However, unreacted starting material may also be present.
PEPTIDE 54-74
Trypsin digestion of peptide 50-113 cleaved at lysyl residues produces a number of smaller fragments which could be partially resolved on a Sephadex G-50 superfine column (Fig. 7) . The shoulder at 0.69 VT was tentatively identified as containing peptide 54-74 on the basis of its tyrosine-like ultraviolet spectrum. This spectrum is compared to the spectrum of the tryptophan rich starting material and model compounds ( Fig. 8,9 ). Fractions exhibiting the tyrosine-rich spectrum were pooled, lyophilized and rechromatographed on a Sephadex G-25 superfine column ( Fig. 10) . The material eluting at 0.44 VT was subjected to amino acid analysis (Table II) fractions were pooled and chromatographed on an AG 50W-X2 ion e~change column. This significantly improved the.peptide purity as evidenced by an amino acid analysis more consistent with the theoretical (Table II) .
However, fractional residues of threonine, lysine, and glycine persisted, suggesting incomplete trypsin cleavage at lysine 53, such that a significant amount of peptide 50-74 remained in the sample. Subsequently, trypsin cleavage was enhanced by inclusion of 2 M urea in the digestion reaction. However, the resulting product, peptide 54-74, had reduced solubility in pyridine-acetate buffer and precipitated during the ion exchange purification. Thus, the insolubility of peptide 54-74 precluded its use in amino acid sequence determination.
DISCUSSION
Trypsin d~gestion off_. gouldii citraconylated hemerythrin followed by gel permeation chromatography yielded peptide 50-113 in sufficient quantity and purity for sequenator analysis. The peptide's NH 2 -terminus was cysteine and the amino acid identities were sequentially determined as indicated in Table I through (22) and high-performance-liquid chromatography (23) . The greater than .95% recovery which is generally achieved in each derivatization, cleavage and detection cycle minimizes overlap from adjacent residues, making it possible to sequence 30-50 residues of a peptide at a time (22) .
The early position of glutamic acid 58 and glutamic 59 within the first 10 residues of the peptides which we sequenced lends further credibility to our identification. 32 The earlier p_. gouldii hemerythrin sequence which reported the reverse order of glutamic acid and glutamine at positions 58 and 59 utilized a manual Edman degradation in conjunction with older detection procedures (12}. Peptide 56-61, whose partial sequence was previously reported (18}, was shown to contain 2 of the 3 acidic residues (asp, g1u 2 ) in the amidated form on leucine aminopeptidase digestion. The manual Edman degradation of peptide 56-61 yielded the sequence, Leu-Asp-Glu-Glu, according to the amino acid analysis from each cycle following alkaline regeneration. Since the amide group is hydrolyzed under alkaline conditions, methods that preserve the amides' chemical integrity were adopted to determine the presence of glutamine in this region. Peptide 56-61, generated by chymotrypsin digestion of peptide 50-113, was subjected to carboxypeptidase A cleavage. This exopeptidase lacks high specificity as indicated in Table III and 25, 262 (1972) . Reported by Light (29) .
bThe rate of release of lysine may be influenced by the pH of the hydrolysis mixture.
cThe presence of a "very slow" or "not released" amino acid as penultimate residue will generally decrease the rate of release of the COOH-terminal amino acid. Use of hemerythrin synthetic analogs may improve the performance and longevity of artificial respirators. Currently, a synthetic analog of hemoglobin, Collman's tetraphenyl porphyrin picket fence (26) , is utilized in respirators but a high affinity for CO leads to poisoning of the analog.
Since hemerythrin has little affinity for CO, an analog of structural design similar to the protein's active site would be medically beneficial.
Chemical models of oxygen activating proteins are indus.trially desirable as catalysts capable of high specificity under mild conditions (27) . Elucidation of the complex principles underlying oxygen activation is a prerequisite for development of a suitable catalyst. This achievement will be possible only through the concerted efforts among the diverse branches of chemistry. An alternative to the development of synthetic catalysts capable of oxygen activation is modification of the protein allowing imnobilization on a solid support. Ideally, such a system would be amenable to stereoselectivity and large-scale operation.
